A copy of the study protocols and the data underlying the findings of this manuscript can be found online at <https://atlas.scharp.org/cpas/project/HVTN%20Public%20Data/Cross-Protocol%20HVTN%20Manuscripts/begin.view?>.

Introduction {#sec007}
============

Despite the availability of various effective HIV prevention tools, there were nearly 2 million new HIV-1 infections worldwide in 2017, highlighting the urgent need for an effective preventive vaccine \[[@pmed.1003117.ref001]\]. Of 4 different HIV-1 vaccine regimens that have completed efficacy trials---using the strategies of protein alone and viral vector alone; viral vector and protein combination; DNA plasmid and viral vector combination \[[@pmed.1003117.ref002]\]---only one has demonstrated efficacy against HIV acquisition. In the RV144 Thai trial, a recombinant canarypox virus prime and envelope (Env) protein boost vaccine combination had 60% estimated vaccine efficacy at 1 year and 31% estimated vaccine efficacy at 3.5 years \[[@pmed.1003117.ref003],[@pmed.1003117.ref004]\]. An extensive analysis of potential immunologic correlates identified correlates of decreased risk of HIV acquisition, including vaccine-elicited IgG that targeted the variable 1 and 2 (V1V2) region of Env \[[@pmed.1003117.ref005]\].

To build upon RV144, a collaboration between pharmaceutical companies, charitable organizations, and multinational government agencies called the Pox-Protein Public-Private Partnership (P5) was established in 2010 \[[@pmed.1003117.ref006]\]. Since then, the P5 have supported the HIV Vaccine Trials Network (HVTN) in launching several harmonized clinical trials aimed at researching and developing a vaccine regimen for the region of the world most affected by HIV, sub-Saharan Africa, where subtype C strains dominate. Several phase I/II trials are currently being conducted in parallel to compare safety and immunogenicity of multiple prime-boost combinations to facilitate cross-protocol analyses.

DNA plasmid vaccines employ purified plasmids that contain and express genetic coding sequences for specific antigens \[[@pmed.1003117.ref007]\]. DNA plasmid vaccines are noted to have ease and low-cost of manufacture, cold-chain stability, and tolerability in clinical trials \[[@pmed.1003117.ref008]\]. However, as a single vaccine component, their immunogenicity in humans has been disappointing compared with preclinical models \[[@pmed.1003117.ref009]--[@pmed.1003117.ref011]\], and therefore DNA plasmid vaccines have been proposed as a priming component in a prime-boost regimen \[[@pmed.1003117.ref012],[@pmed.1003117.ref013]\]. DNA plasmid priming has been combined with a variety of booster vaccines, including modified vaccinia Ankara (MVA) \[[@pmed.1003117.ref014]--[@pmed.1003117.ref016]\] and adenovirus serotype 5 (Ad5) \[[@pmed.1003117.ref017]\], although a DNA-prime/Ad5-boost regimen failed to protect against HIV-1 acquisition \[[@pmed.1003117.ref018]\].

Viral vectored vaccines, by contrast, have generally been considered more immunogenic \[[@pmed.1003117.ref019],[@pmed.1003117.ref020]\], and viral-prime/protein-boost regimens have protected against simian-human immunodeficiency virus (SHIV) challenges in nonhuman primates \[[@pmed.1003117.ref021]\]. Most notably, the RV144 efficacy trial used a canarypox virus prime and Env protein boost regimen that targeted strains of HIV-1 circulating in Thailand: 92TH023.AE, A244.AE, and LAI.B \[[@pmed.1003117.ref003]\]. However, direct comparisons between viral vector priming and DNA plasmid priming with identical Env protein boosts have been lacking.

In one of the first P5 trials, HVTN 100, the canarypox virus (ALVAC) vector used in RV144 was redesigned to express a subtype C immunogen to match the HIV-1 subtype predominant in southern Africa. The Env protein boost was similarly changed to 2 subtype C immunogens, and the alum-based adjuvant was replaced with MF59 to increase immunogenicity \[[@pmed.1003117.ref022]\]. The HVTN 100 immunogenicity findings prompted the launch of the Uhambo (HVTN 702) efficacy trial (NCT02968849) in South Africa, which completed enrollment in mid-2019. In HVTN 111, a DNA plasmid vaccine encoding the same HIV-1 subtype C *env* strain as in the HVTN 100 ALVAC vector was delivered via either needle and syringe or via a Biojector needle-free device; Biojector administration had been shown previously to induce higher immunogenicity with a similar HIV-1 DNA plasmid vaccine \[[@pmed.1003117.ref023],[@pmed.1003117.ref024]\]. The DNA plasmid vaccine was then boosted with the same subtype C Env proteins as in HVTN 100, and the same schedule was used in both studies \[[@pmed.1003117.ref025]\].

While these studies do not provide a randomized comparison of DNA plasmid priming versus canarypox virus priming, the matching vaccination schedules (0, 1, 3, and 6 months), the common components (subtype C inserts and identical Env gp120 proteins), the uniform approach to measuring immunogenicity, and the similar trial populations allow us to compare these priming methods. We therefore performed a cross-protocol analysis to compare antibody and cellular immunogenicity induced by DNA plasmid priming followed by Env protein boosting versus canarypox virus priming followed by Env protein boosting.

Materials and methods {#sec008}
=====================

Participants {#sec009}
------------

HVTN 100 was a phase I/II randomized, controlled, double-blind trial conducted at 6 community research sites in South Africa: Cape Town, eThekwini, Isipingo, Klerksdorp, Soweto, and Soshanguve \[[@pmed.1003117.ref022]\]. HVTN 111 was a phase I randomized, controlled, double-blind trial at 3 community research sites in South Africa (Isipingo, Klerksdorp, and Tembisa), 1 site in Mbeya, Tanzania, and 1 site in Lusaka, Zambia \[[@pmed.1003117.ref025]\].

Volunteers were eligible for enrollment in either trial if they were healthy, aged 18 to 40 years, could give written informed consent, were not HIV infected, were at low risk for HIV acquisition, and had not previously received an HIV vaccine. Women were required to be on contraception, not pregnant, and nonlactating. To achieve a relative balance of sexes at birth, enrollment was monitored to ensure no more than 60% of HVTN 100 trial participants of either sex were enrolled; in HVTN 111, enrollment was monitored to ensure no more than approximately 50% males and approximately 60% females.

Participants were followed for 12 months after the initial vaccination. Safety evaluations were performed as previously described \[[@pmed.1003117.ref022],[@pmed.1003117.ref025]\]. Briefly, they included physical examinations and standard clinical chemistry and hematological tests, urine dipstick, as well as pregnancy tests for female participants. Adverse events (AEs) were reported over 30 days after each vaccination visit, with a subset of AEs being reported for the duration of the study (including serious AEs \[SAEs\], AEs of special interest, new chronic conditions requiring medical intervention for ≥30 days, sexually transmitted infections, and AEs leading to early participant withdrawal or early discontinuation of study product administration).

Ethics statement {#sec010}
----------------

The research ethics committee of the University of the Witwatersrand, the University of Cape Town, the University of KwaZulu-Natal, and the Medical Research Council approved HVTN 100. HVTN 111 was approved by the research ethics committee of the University of the Witwatersrand and the Medical Research Council in South Africa, as well as the Mbeya Ethical Review Committee in Tanzania, and the University of Zambia Biomedical Research Ethics Committee in Zambia. All participants provided written informed consent in English or their local language (Setswana, Sotho, Xhosa, Zulu, Tsonga, Sepedi, Nyanja, Bemba, or Swahili).

Randomization and masking {#sec011}
-------------------------

Participants were randomly assigned to receive vaccine or placebo in a 5:1 ratio in HVTN 100 ([Table 1](#pmed.1003117.t001){ref-type="table"} and [S1 STROBE Checklist](#pmed.1003117.s001){ref-type="supplementary-material"}). In HVTN 111, participants were randomly assigned to vaccine or placebo in a ratio of 5:5:1:5:5:1 (vaccine:vaccine:placebo using needle and syringe for DNA plasmid administration and vaccine:vaccine:placebo using Biojector2000 \[Bioject Medical Technologies, Tigard, Oregon\] for DNA plasmid administration). The statistical center (SCHARP, Seattle, Washington) produced the block-randomized sequences for each trial by computer-generated random numbers, provided to each site through a web-based randomization system. Participants, site staff who enrolled and followed participants, the study team (except biostatisticians), and laboratory personnel were blinded to the randomization assignments. Site pharmacists were aware of the randomization assignments to ensure proper handling and dispensing, which included application of overlays to all syringes for blinding before delivery to site staff; Biojector delivery did not require an additional step to ensure blinding. NIAID Division of AIDS (DAIDS) protocol pharmacists, contract monitors, and data management center staff; the NIAID Data and Safety Monitoring Board (DSMB) for HVTN 100; and the HVTN Safety Monitoring Board (SMB) for HVTN 111 were unblinded to ensure proper trial conduct and safety review.

10.1371/journal.pmed.1003117.t001

###### Study schemas for comparator vaccine arms of HVTN 100 and HVTN 111 (the placebo arms in each trial consisted of *n* = 42 in HVTN 100 and *n* = 6 in each of the 2 placebo arms of HVTN 111).

![](pmed.1003117.t001){#pmed.1003117.t001g}

  Study arm                                                 *N*   Primary vaccine regimen                  
  --------------------------------------------------------- ----- ---------------------------------------- -----------------------------------------------------
  **HVTN 100** (needle)                                     210   ALVAC-HIV (vCP2438)                      ALVAC-HIV (vCP2438) + bivalent subtype C gp120/MF59
  **HVTN 111** (needle)                                     30    DNA-HIV-PT123 + placebo for gp120/MF59   DNA-HIV-PT123 + bivalent subtype C gp120/MF59
  **HVTN 111** (Biojector for DNA, needle for gp120/MF59)   30    DNA-HIV-PT123 + placebo for gp120/MF59   DNA-HIV-PT123 + bivalent subtype C gp120/MF59

**Abbreviations:** HVTN 100/111, HIV Vaccine Trials Network 100/111

Study vaccines {#sec012}
--------------

The ALVAC-HIV (vCP2438) priming vaccine used in HVTN 100 is an adaptation of the vCP1521 vector used in RV144 in which the CRF01_AE (subtype E) 92TH023 gp120 *env* insert was replaced with a subtype C gp120 *env* derived from strain 96ZM651, linked to the same transmembrane (TM) anchor sequence of *gp41* (derived from the subtype B strain LAI) and *gag* and *pro* derived from the subtype B strain LAI as in ALVAC-HIV vCP1521. ALVAC-HIV was administered at a dose of 10^7^ 50% cell culture infectious dose (CCID~50~) and was donated by Sanofi Pasteur (Swiftwater, Pennsylvania).

The DNA plasmid priming vaccine used in HVTN 111 (DNA-HIV-PT123) consisted of 3 plasmids encoding a subtype C *env* gp140 derived from strain ZM96, subtype C *gag* also derived from strain ZM96, and subtype C *pol-nef* fusion derived from strain CN54, at a 1:1:1 ratio. DNA-HIV-PT123 was generated using a DNA plasmid backbone derived from pCMV/R (pVRC8400) that was donated by the NIAID Vaccine Research Center (Bethesda, Maryland) and has previously been used as a backbone for several other candidate HIV-1 vaccines \[[@pmed.1003117.ref008],[@pmed.1003117.ref017]\]. DNA-HIV-PT123 was administered at a total dose of 4 mg and was provided by the IPPOX Foundation (Lausanne, Switzerland).

The Env protein booster vaccine used in both HVTN 100 and HVTN 111 contains a bivalent subtype C gp120 Env derived from strains TV1.C and 1086.C each at a dose of 100 μg. The Env protein booster vaccine was administered with the MF59 oil-in-water emulsion adjuvant and was provided by GlaxoSmithKline Biologicals (Rixensart, Belgium), formerly Novartis (Cambridge, Maryland).

The placebo for ALVAC-HIV was a mixture of virus stabilizer and freeze-drying medium reconstituted with 0.4% NaCl; the placebo for DNA-HIV-PT123 and the bivalent subtype C gp120/MF59 was 0.9% NaCl.

Laboratory assays {#sec013}
-----------------

All assays were performed blinded in HVTN laboratories utilizing validated methods \[[@pmed.1003117.ref005],[@pmed.1003117.ref026]--[@pmed.1003117.ref028]\]. Details of the antigens used for the antibody and cellular assays are listed in [S1 Table](#pmed.1003117.s004){ref-type="supplementary-material"}.

Env-specific CD4^+^ T-cell responses {#sec014}
------------------------------------

CD4^+^ T-cell responses to HIV vaccine insert-matched peptides were measured by intracellular cytokine staining (ICS). Cryopreserved peripheral blood mononuclear cells were thawed, rested overnight, and stimulated with pools of peptides of 15 amino acids overlapping by 11 amino acids representing the vaccine inserts, dimethyl sulfoxide (DMSO; peptide diluent and negative control), or Staphylococcal enterotoxin B (positive control) in the presence of costimulatory antibodies (CD28 and CD49d) and intracellular transport inhibitors brefeldin A and monensin for 6 hours at 37 °C \[[@pmed.1003117.ref026],[@pmed.1003117.ref029]\]. The 15-mer peptide pools corresponded to the following vaccine inserts: Env.ZM96.C (gp120 in HVTN 100 or gp140 in HVTN 111), Env.1086.C, Env.TV1.C, and Gag (Gag-LAI for HVTN 100, Gag-ZM96 for HVTN 111). Next, cells were washed and incubated with edetic acid (EDTA) overnight at 4 °C, then stained with a 16-color \[[@pmed.1003117.ref030]\] (HVTN 100) or with a 17-color antibody panel (HVTN 111)---acquired on a BD LSRII flow cytometer---and analyzed using FlowJo. Data were excluded from subsequent analysis if background responses (DMSO control) were \>0.1% cytokine positive or if \<5,000 CD4^+^ T cells were acquired. For positive response criteria, see [S1 Text](#pmed.1003117.s002){ref-type="supplementary-material"}.

Binding antibody responses {#sec015}
--------------------------

HVTN 100 serum HIV-1-specific IgG binding antibody (bAb) responses were measured at 1:50 dilution (V1V2 antigens) and 1:200 (vaccine-matched gp120 antigens) by an HIV-1 binding antibody multiplex assay (BAMA) \[[@pmed.1003117.ref031]--[@pmed.1003117.ref033]\]. For antigen and positive response criteria descriptions, see [S1 Text](#pmed.1003117.s002){ref-type="supplementary-material"}.

Neutralizing antibody responses {#sec016}
-------------------------------

Neutralizing antibodies (nAbs) were measured using the TZM-bl assay \[[@pmed.1003117.ref027]\] against HIV-1 subtype C Env-pseudotyped viruses. This included the 3 vaccine-derived strains (96ZM651.C and Ce1086_B2.C, both tier 2 \[moderate sensitivity to antibody-mediated neutralization\] \[[@pmed.1003117.ref030]\] and TV1c8.2.C, a tier 1A) as well as MW965.26.C, a tier 1A virus. Titer was defined as the serum dilution that reduced relative luminescence units (RLUs) by 50% relative to the RLUs in virus control wells (cells plus virus only) after subtraction of background RLUs (cells only). If a titer was left-censored, half the left limit was used as the titer value. A response was considered positive if the neutralization titer was above 10 (one-half the lowest dilution tested).

Outcomes {#sec017}
--------

The primary objectives of this analysis were to compare the antibody and cellular responses of the DNA plasmid prime regimens of HVTN 111 to the ALVAC prime regimen of HVTN 100 after 2 doses of DNA plasmid or ALVAC-HIV (vCP2438) followed by 2 doses of DNA plasmid or ALVAC-HIV (vCP2438) and bivalent subtype C gp120/MF59 at month 6.5, two weeks after the fourth vaccination. The primary immunogenicity endpoints are IgG bAb responses to gp120 and V1V2 antigens, nAb responses to tier 1A and tier 2 Env pseudoviruses, and CD4^+^ T-cell responses to HIV vaccine-matched peptides.

Statistical analysis {#sec018}
--------------------

All analyses were prespecified and based on the per-protocol cohorts of HVTN 111 and HVTN 100, which consisted of all participants who received the first 4 scheduled vaccinations (see [S2 Text](#pmed.1003117.s003){ref-type="supplementary-material"}). Participants who had a positive test for HIV-1 by month 6.5 (*n* = 2 in HVTN 100, *n* = 0 in HVTN 111) were excluded from analysis as their HIV-1 infection would influence their immune responses at month 6.5.

The sample sizes of each trial provided 80% to 90% power to address their respective primary objectives. For the smaller trial (HVTN 111), there is over 80% power to detect a 40% difference in the response rates between treatment arms by a Fisher's exact two-sided test and over 90% power to detect a difference in means of 1 standard deviation between treatment groups by an exact two-sided Wilcoxon test, with *n* = 25 per group (assuming a 15% rate of missing data). In HVTN 100, the sample size is much larger (*n* = 185), and thus power will be high to detect a smaller difference in the response rates and means between the HVTN 100 and 111 groups.

The 2 vaccine arms of HVTN 111 (i.e., DNA plasmid delivery by needle or by Biojector) were combined for the comparison of antibody responses between the 2 trials to maximize the sample size as no significant differences were seen between the 2 HVTN 111 vaccine arms \[[@pmed.1003117.ref025]\]. Differences were seen in the cellular responses between the 2 arms of HVTN 111 \[[@pmed.1003117.ref025]\], therefore cellular responses of the 2 individual vaccine arms of HVTN 111 were compared separately to the vaccine arm of HVTN 100.

A radar plot was used to summarize the antibody and cellular response rates in the 2 trials; the spokes represent the response rate axis, which ranges from 0% to 100%. Bar charts were used to illustrate the positive response rates and boxplots to show the distributions of immune responses to individual antigens or pseudoviruses at the peak immunogenicity time point, month 6.5. Immune responses were summarized by the proportion of participants with a positive response rate and by magnitude (geometric mean titer \[GMT\] for antibody assays, percentage T cells expressing marker combination for cellular assay).

Super learning and targeted minimum loss estimation (TMLE) \[[@pmed.1003117.ref034]\] were used as the primary analysis to estimate and compare mean immune response rates and mean magnitudes overall and among positive responders, adjusting for possible confounding by age, sex, and body mass index (BMI). We refer to these analyses as the "covariate-adjusted" analyses. Details regarding TMLE implementation can be found in [S1 Text](#pmed.1003117.s002){ref-type="supplementary-material"}. TMLE was not performed when the response rates in both trials were greater than 90% or less than 10%; empirical response rates were reported alternatively. Barnard's test and Wilcoxon rank-sum tests were also used to compare the empirical immune response rates and mean magnitudes overall and among positive responders, respectively, between the 2 vaccine groups of interest in HVTN 111 and HVTN 100; we refer to these as the "unadjusted analyses" as they do not adjust for baseline covariates. Unadjusted two-sided 95% CIs for positive response rates were calculated using the Wilson (Miettinen-Nurminen) method; two-sided 95% CIs for unadjusted geometric means (GMs) were calculated using the normal approximation.

All *p*-values are two-sided, with *p*-values less than 0.05 deemed statistically significant; only significant *p*-values are reported in figures. For each distinct hypothesis, the number of multiple tests was limited, and therefore multiplicity adjustments were not made. SAS (version 9.4; SAS Institute, Cary, North Carolina) and R statistical software (version 3.3.2; R Foundation for Statistical Computing, Vienna, Austria) were used for statistical analysis.

HVTN 100 was registered with the South African National Clinical Trials Registry (DOH-27-0215-4796) and ClinicalTrials.gov (NCT02404311), and HVTN 111 was registered with the South African National Clinical Trials Registry (DOH-27-0715-4947) and ClinicalTrials.gov (NCT02997969).

Code availability {#sec019}
-----------------

All statistical analyses were conducted using publicly available packages in R and SAS software.

Results {#sec020}
=======

Study populations and schemas {#sec021}
-----------------------------

Between February 9, 2015, and May 26, 2015, 252 participants from South Africa were enrolled in HVTN 100, of whom 210 were allocated to vaccine (ALVAC vCP2438 at months 0, 1, 3, and 6 with gp120/MF59 at months 3 and 6 given by needle and syringe) and 42 to placebo. Between June 21, 2016, and July 13, 2017, 132 participants from 3 sub-Saharan African countries were enrolled in HVTN 111, of whom 30 were allocated to each of the 4 vaccine arms and 6 allocated to each of the 2 placebo arms. The 4 vaccine arms of HVTN 111 are as follows: (i) DNA plasmid at months 0, 1, 3, and 6 with gp120/MF59 at months 3 and 6 (all given by needle and syringe); (ii) DNA plasmid at months 0, 1, 3, and 6 with gp120/MF59 at months 3 and 6, with DNA plasmid given by Biojector; (iii) DNA plasmid and gp120/MF59 at months 0, 1, and 6 (all given by needle and syringe); and (iv) DNA plasmid and gp120/MF59 at months 0, 1, and 6 with DNA plasmid given by Biojector. All vaccinations were safe and well tolerated \[[@pmed.1003117.ref022],[@pmed.1003117.ref025]\].

Our analyses compare the first 2 vaccine arms of HVTN 111 to the HVTN 100 vaccine arm ([Table 1](#pmed.1003117.t001){ref-type="table"}) to assess the effect of DNA plasmid versus ALVAC priming in the context of the same gp120/MF59 boost. Of those enrolled in the HVTN 111 DNA plasmid prime arms of interest (\[i\] and \[ii\] above), 29 and 27 participants, respectively, were in the per-protocol cohort; 186 were in the HVTN 100 vaccine per-protocol cohort. There were no significant differences in sex, BMI, or age between the study arms of each trial apart from a significantly higher proportion of men in the HVTN 100 ALVAC prime arm compared to the HVTN 111 DNA plasmid prime needle and syringe arm (60% versus 38%, Barnard's *p* = 0.006) ([Table 2](#pmed.1003117.t002){ref-type="table"}).

Placebo response rates across all endpoints were comparable between the 2 studies.

10.1371/journal.pmed.1003117.t002

###### Baseline characteristics of the per-protocol cohorts of HVTN 100 and HVTN 111 vaccine arms.

![](pmed.1003117.t002){#pmed.1003117.t002g}

  Characteristic    HVTN 100 ALVAC prime (needle) *N* (%) or median (25%, 75%)   HVTN 111 DNA plasmid prime (needle and Biojector combined) *N* (%) or median (25%, 75%)   HVTN 111 DNA plasmid prime (needle) *N* (%) or median (25%, 75%)   HVTN 111 DNA plasmid prime (Biojector) *N* (%) or median (25%, 75%)   
  ----------------- ------------------------------------------------------------ ----------------------------------------------------------------------------------------- ------------------------------------------------------------------ --------------------------------------------------------------------- ----------
  ***N***           186 (100%)                                                   56 (100%)                                                                                 29 (100%)                                                          27 (100%)                                                             
  **Sex**           **Male**                                                     112 (60%)                                                                                 27 (48%)                                                           11 (38%)                                                              16 (59%)
  **BMI**           **\<18.5**                                                   20 (11%)                                                                                  3 (6%)                                                             3 (11%)                                                               0 (0%)
  **18.5--24.99**   104 (56%)                                                    38 (70%)                                                                                  18 (64%)                                                           20 (77%)                                                              
  **25--29.99**     36 (19%)                                                     10 (19%)                                                                                  5 (18%)                                                            5 (19%)                                                               
  **≥30**           26 (14%)                                                     3 (6%)                                                                                    2 (7%)                                                             1 (4%)                                                                
  **Age (y)**       23 (21, 27)                                                  24 (21, 27)                                                                               24 (21, 26)                                                        25 (20, 27)                                                           

No significant differences among baseline characteristics between the study arms of each trial apart from a significantly higher proportion of men in the HVTN 100 ALVAC prime needle arm compared to the HVTN 111 DNA plasmid prime needle arm (60% versus 38%, Barnard's *p* = 0.006).

**Abbreviations:** HVTN 100/111, HIV Vaccine Trials Network 100/111

bAb responses following prime-boost vaccination {#sec022}
-----------------------------------------------

All HVTN 111 and HVTN 100 per-protocol vaccine recipients developed IgG bAbs to gp120 antigens (Figs [1](#pmed.1003117.g001){ref-type="fig"} and [2](#pmed.1003117.g002){ref-type="fig"}, [S2 Table](#pmed.1003117.s005){ref-type="supplementary-material"}). As expected, IgG bAb response rates to gp41 were negligible in both trials ([Fig 1](#pmed.1003117.g001){ref-type="fig"}, [S2 Table](#pmed.1003117.s005){ref-type="supplementary-material"}). No positive responses were seen among placebo recipients in either trial (data not shown). The IgG response rates to V1V2 antigens among 184 HVTN 100 vaccine recipients ranged from 55.0% (95% CI 47.8%--62.2%) for CaseA2_gp70_V1V2.B to 72.7% (95% CI 66.2%--79.2%) for 1086.C V1V2 ([S2 Table](#pmed.1003117.s005){ref-type="supplementary-material"}).

![Radar plot of covariate-adjusted antibody and cellular response rates in HVTN 111 (DNA plasmid prime regimen) and HVTN 100 (ALVAC prime regimen) at month 6.5, two weeks after fourth vaccination.\
^†^HVTN 111 DNA plasmid prime by Biojector only for CD4+ response rates. \*Barnard's test and TMLE *p* \< 0.05. Orange arc indicates bAb response rates, navy arc indicates nAb response rates, and light blue arc indicates CD4+ T-cell response rates. Orange font indicates the vaccine-matched antigens. Env, envelope; HVTN, HIV Vaccine Trials Network; IgG, immunoglobulin G; nAb, neutralizing antibody; TMLE, targeted minimum loss estimation; V1V2, variable 1 and 2.](pmed.1003117.g001){#pmed.1003117.g001}

![IgG bAb responses to gp120 vaccine-matched antigens at 1:200 dilution among per-protocol vaccine recipients of HVTN 100 and HVTN 111.\
(A) ZM96.C gp120, (B) 1086.C gp120, and (C) TV1c8.2.C gp120. Bar charts show the observed, unadjusted positive response rates. Boxplots show observed responses and are based on positive responders only (shown as colored circles). \*TMLE *p*-values reported; Wilcoxon *p*-values also \< 0.001. HVTN 100 is compared only to the combined arms of HVTN 111 (shown in dark blue) as no differences were seen between the needle and Biojector arms of HVTN 111 (shown in pale blues). bAb, binding antibody; HVTN, HIV Vaccine Trials Network; MFI, mean fluorescence intensity; TMLE, targeted minimum loss estimation.](pmed.1003117.g002){#pmed.1003117.g002}

Among 45 HVTN 111 vaccine recipients, the IgG response rates to V1V2 antigens ranged from 58.7% (95% CI 42.2%--75.3%) for CaseA2_gp70_V1V2.B to 96.6% (95% CI 91.4%--100.0%) for 1086.C V1V2 ([S2 Table](#pmed.1003117.s005){ref-type="supplementary-material"}). The response rate to 1086.C V1V2 was significantly higher for the DNA plasmid prime arms of HVTN 111 than the ALVAC prime arm of HVTN 100 (TMLE *p \<* 0.001, [Fig 3](#pmed.1003117.g003){ref-type="fig"}, [S3 Table](#pmed.1003117.s006){ref-type="supplementary-material"}). Among positive responders, the magnitude of IgG bAb responses in the HVTN 111 DNA plasmid prime arms to 1086.C V1V2 and to CaseA2_gp70_V1V2.B was significantly higher than those seen in HVTN 100 (TMLE *p \<* 0.001 and TMLE *p* = 0.002, respectively, [Fig 3](#pmed.1003117.g003){ref-type="fig"}), with GM ratios among positive responders of 2.36 (95% CI 1.42--3.92) to 1086.C V1V2 and 3.11 (95% CI 1.51--6.38) to CaseA2_gp70_V1V2.B ([S3 Table](#pmed.1003117.s006){ref-type="supplementary-material"}).

![IgG bAb responses to V1V2 antigens among per-protocol vaccine recipients at month 6.5.\
Bar charts show the observed, unadjusted positive response rates. Boxplots show observed responses and are based on positive responders only (shown as colored circles), negative responders are shown as grey triangles. \*TMLE *p*-values reported; Barnard/Wilcoxon *p*-values \< 0.005. HVTN 100 is compared only to the combined arms of HVTN 111 (shown in dark blue) as no differences were seen between the needle and Biojector arms of HVTN 111 (shown in pale blues). bAb, binding antibody; HVTN, HIV Vaccine Trials Network; MFI, mean fluorescence intensity; TMLE, targeted minimum loss estimation; V1V2, variable 1 and 2.](pmed.1003117.g003){#pmed.1003117.g003}

nAb responses following prime-boost vaccination {#sec023}
-----------------------------------------------

All 53 HVTN 111 vaccine recipients and almost all 185 HVTN 100 vaccine recipients developed nAb responses to tier 1A TV1c8.2.C and MW925.26.C pseudoviruses: 98.4% (95% CI 95.3%--99.5%) and 98.9% (95% CI 96.1%--99.7%), respectively, in HVTN 100, and 100% (95% CI 93.2%--100.0%) to each pseudovirus in HVTN 111 ([S2 Table](#pmed.1003117.s005){ref-type="supplementary-material"}). Significantly higher nAb 50% inhibitory dilution (ID~50~) titers among positive responders were seen in the DNA plasmid prime arms of HVTN 111 compared to the ALVAC prime arm of HVTN 100 to TV1c8.2.C and MW925.26.C (both TMLE *p \<* 0.001, [Fig 4](#pmed.1003117.g004){ref-type="fig"}), with GM ratios of magnitudes among positive responders of 1.87 (95% CI 1.48--2.35) and 2.17 (95% CI 1.67--2.83) ([S3 Table](#pmed.1003117.s006){ref-type="supplementary-material"}). No responses were seen to the tier 2 subtype C vaccine strains 96ZM651.02 or Ce1086_B2 in participants from either trial (data not shown).

![nAb responses to tier 1A Env pseudoviruses among per-protocol vaccine recipients at month 6.5.\
Bar charts show the observed, unadjusted positive response rates. Boxplots show observed responses and are based on positive responders only (shown as colored circles), negative responders are shown as grey triangles. \*TMLE *p*-values reported; Wilcoxon *p*-values also \< 0.001. HVTN 100 is compared only to the combined arms of HVTN 111 (shown in dark blue) as no differences were seen between the needle and Biojector arms of HVTN 111 (shown in pale blues). env, envelope; HVTN, HIV Vaccine Trials Network; ID50, 50% inhibitory dilution; nAb, neutralizing antibody; TMLE, targeted minimum loss estimation.](pmed.1003117.g004){#pmed.1003117.g004}

The response rates, mean magnitudes overall and among positive responders, and their respective 95% CIs by TMLE that adjusted for possible imbalances in baseline covariates between the 2 trials were very similar to the unadjusted estimates for both bAb and nAb responses ([S2](#pmed.1003117.s005){ref-type="supplementary-material"} and [S3](#pmed.1003117.s006){ref-type="supplementary-material"} Tables).

CD4+ T-cell responses following prime-boost vaccination {#sec024}
-------------------------------------------------------

The response rates for CD4^+^ T cells expressing interleukin-2 (IL-2) and/or interferon-γ (IFN-γ) to vaccine-matched Env peptide pools ZM96.C, 1086.C, and Gag were significantly higher in the Biojector DNA plasmid-primed arm of HVTN 111 (*n* = 20) than in the ALVAC-primed arm of HVTN 100 (*n* = 179) (Figs [1](#pmed.1003117.g001){ref-type="fig"} and [5](#pmed.1003117.g005){ref-type="fig"}, [S4 Table](#pmed.1003117.s007){ref-type="supplementary-material"}). The highest response rate was to Env.ZM96.C, at 91.4% (95% CI 74.8%--100.0%) in HVTN 111 Biojector versus 52.8% (95% CI 45.5%--60.1%) in HVTN 100 (TMLE *p \<* 0.001) ([Fig 5](#pmed.1003117.g005){ref-type="fig"}, [S4 Table](#pmed.1003117.s007){ref-type="supplementary-material"}). This was followed by response rates to Env.1086.C of 88.0% (95% CI 71.2%--100.0%) in the HVTN 111 Biojector arm versus 43.1% (95% CI 35.8%--50.4%) in HVTN 100 (TMLE *p \<* 0.001) ([Fig 5](#pmed.1003117.g005){ref-type="fig"}, [S4 Table](#pmed.1003117.s007){ref-type="supplementary-material"}). Rates to Env.TV1.C were 74.2.% (95% CI 50.2%--98.1%) in the HVTN 111 Biojector arm versus 58.6% (95% CI 51.3%--65.8%) in HVTN 100 (TMLE *p* = 0.22) and to vaccine-matched Gag-LAI/ZM96 were 55.5% (95% CI 26.2%--84.8%) in HVTN 111 Biojector versus 2.2% (95% CI 0.1%--4.3%) in HVTN 100 (TMLE *p \<* 0.001) ([Fig 5](#pmed.1003117.g005){ref-type="fig"}, [S4 Table](#pmed.1003117.s007){ref-type="supplementary-material"}). The magnitude of responses to the vaccine-matched Gag-LAI among 3 HVTN 100 vaccine recipients with positive responses was very high ([Fig 5](#pmed.1003117.g005){ref-type="fig"}), and these highest 3 participants had strong responses to Env antigens as well. The magnitudes of CD4+ T-cell responses in positive responders to the Env antigens were similar across all vaccine arms ([Fig 5](#pmed.1003117.g005){ref-type="fig"}, [S4 Table](#pmed.1003117.s007){ref-type="supplementary-material"}). Differences in response rates and GM ratios of magnitudes overall and among positive responders and their respective 95% CIs are reported in [S5 Table](#pmed.1003117.s008){ref-type="supplementary-material"}.

![CD4^+^ T-cell responses to vaccine-matched antigens among per-protocol vaccine recipients at month 6.5.\
Bar charts show the observed, unadjusted positive response rates. Boxplots show observed responses and are based on positive responders only (shown as colored circles), negative responders are shown as grey triangles. \*TMLE *p*-values reported; Barnard *p*-values \< 0.011. HVTN 100 is compared to both the needle and Biojector arms of HVTN 111 (shown in blues) and is therefore not compared to combined arms of HVTN 111 (grayed out). Env, envelope; HVTN, HIV Vaccine Trials Network; IFN-γ, interferon gamma; IL-2, interleukin 2; TMLE, targeted minimum loss estimation.](pmed.1003117.g005){#pmed.1003117.g005}

When comparing the needle DNA plasmid primed arm of HVTN 111 (*n* = 27) to the ALVAC primed arm of HVTN 100 (*n* = 179), the CD4+ T-cell response rate to vaccine-matched Gag-LAI/ZM96 was significantly higher in the needle DNA plasmid primed arm of HVTN 111 than in the ALVAC primed arm of HVTN 100: 26.5% (95% CI 6.3%--46.7%) versus 2.2% (95% CI 0.1%--4.3%), TMLE *p* = 0.02 ([Fig 5](#pmed.1003117.g005){ref-type="fig"}, [S4 Table](#pmed.1003117.s007){ref-type="supplementary-material"}). No other significant differences were seen between these 2 arms.

Discussion {#sec025}
==========

Our cross-protocol analysis revealed several important findings. First, DNA plasmid priming followed by protein boosting led to increased antibody and cellular immune responses when compared to a canarypox virus prime followed by matched protein boosting. Second, while certain CD4+ T-cell response rates and response magnitudes were increased when the DNA plasmid prime was delivered by Biojector, the antibody responses were not increased by Biojector delivery compared with the simpler needle and syringe injection of the DNA plasmid prime. Finally, canarypox virus priming was not superior to DNA plasmid priming for any of the immune responses we examined.

DNA plasmid vaccines have traditionally been considered less immunogenic than viral vectors, but our findings suggest that this paradigm should be reevaluated. There are many possible explanations for the increased immunogenicity we observed with DNA plasmid priming compared with ALVAC priming. Compared with earlier DNA plasmid vaccine studies, improvements in vector design of these DNA plasmid vaccine constructs such as more efficient promoter and regulatory elements, RNA secondary structure modification, and codon optimization of the insert \[[@pmed.1003117.ref035],[@pmed.1003117.ref036]\] may have resulted in either increased protein expression or expressed protein that is inherently more immunogenic. The higher antibody responses observed suggest that increased in vivo protein expression by the newer DNA plasmid vaccine vector may be the more likely explanation, as higher protein dose correlates with antibody titers and response rates with gp160 Env vaccination \[[@pmed.1003117.ref037]\] and other vaccines \[[@pmed.1003117.ref038],[@pmed.1003117.ref039]\]. High magnitude antibody responses and high response rates were also seen with this DNA plasmid vector when it was used as a prime for AIDSVAX B/E gp120 protein boosting \[[@pmed.1003117.ref040]\]. As other studies have shown Biojector delivery of DNA plasmid vaccines to improve cellular and antibody immunogenicity \[[@pmed.1003117.ref023],[@pmed.1003117.ref024],[@pmed.1003117.ref041]\], this appears to be a contributory factor in the increased cellular immunogenicity that we observed in the Biojector DNA plasmid primed arm compared to the ALVAC primed arm. However, the increases in CD4+ T-cell responses may not be sufficient to advocate the use of Biojector over needle and syringe administration given the associated implementation complexities (e.g., requirements of Biojector device, carbon dioxide cartridges, and specific syringes that are not widely available) as well as somewhat lower tolerability among participants \[[@pmed.1003117.ref023],[@pmed.1003117.ref025]\], unless CD4+ T-cell responses are ultimately shown to be a strong correlate of decreased risk of HIV acquisition.

In a cross-protocol analysis of 10 HVTN trials utilizing DNA plasmid vaccines conducted prior to 2012, Jin and colleagues found that both increased number of vaccinations and increased dose of administered DNA plasmid correlated with increased cellular immune responses by enzyme-linked immune absorbent spot (ELISPOT) and ICS \[[@pmed.1003117.ref024]\], although the effect was statistically significant only for CD8^+^ T-cell responses. Of note, Biojector administration was associated with increased cellular immune response rates compared with injection via needle and syringe \[[@pmed.1003117.ref024]\], as we also observed. As those particular vaccine constructs were designed principally to elicit cellular immune responses, very limited humoral responses were noted in their analysis \[[@pmed.1003117.ref024]\]. Higher cellular and antibody responses have been observed in other studies of DNA plasmid prime delivered by Biojector compared to DNA prime by needle and syringe \[[@pmed.1003117.ref023]\].

DNA and poxvirus vaccine prime-boost regimens have been compared in other clinical trials. In International AIDS Vaccine Initiative (IAVI) P001, a phase I study conducted in India, a heterologous DNA plasmid prime and MVA boost with homologous inserts were compared with a homologous MVA regimen \[[@pmed.1003117.ref042]\]. While at peak time points CD4^+^ and CD8^+^ T-cell responses were generally higher in the DNA/MVA groups and antibody responses were higher in the homologous MVA groups, this difference was not maintained at later time points \[[@pmed.1003117.ref042]\]. In HVTN 086/SAAVI 103, both an MVA prime and Env protein boost regimen and a DNA plasmid prime with a concurrent MVA + Env protein boost regimen elicited higher antibody and Env-specific CD4^+^ T-cell responses than a DNA plasmid prime and MVA boost regimen \[[@pmed.1003117.ref043]\]. Of particular interest is the recently launched PrEPVacc study (NCT04066881), which will compare HIV-1 vaccine regimens containing the same DNA plasmid prime we examined (DNA-HIV-PT123) as well as Env protein and MVA-vectored boosters. As PrEPVacc is recruiting persons at risk of HIV infection, these data may provide additional immunological correlates of risk.

Our study does have limitations. This was a cross-protocol analysis of 2 trials conducted separately, not a single trial in which participants were randomized to one of 2 comparison regimens. However, the trials were both conducted in southern Africa, with 2 sites participating in both trials, and enrollment was completed within a 2-year timespan using similar eligibility criteria that resulted in similar participant demographic characteristics between the trials. In addition, the covariate-adjusted statistical analysis gave similar findings to the unadjusted analyses, which implies that the differences seen were not due to imbalances in age, sex, or BMI between the trials. Another limitation is that our comparisons are largely restricted to the analysis of the immune responses to vaccine-matched antigens. If consensus antigens \[[@pmed.1003117.ref044]\] or potential T-cell epitope pools \[[@pmed.1003117.ref045]\] were examined, the immune responses might not follow the same pattern. Additionally, fragment crystallizable (Fc)-receptor--mediated functional antibody responses have yet to be performed on HVTN 111 samples, and therefore any further differences between immune responses generated by the 2 regimens are unknown. Thus, interpretation of our results is limited to these particular vector/immunogen combinations and do not necessarily generalize to all DNA/protein versus poxvirus/protein vaccine regimens.

Additional trials using these vector/immunogen combinations are part of the P5 portfolio (for example, HVTN 108 \[NCT02915916\] and HVTN 120 \[NCT03122223\]) and may offer additional insights into the potential advantages of DNA plasmid vaccines as priming vectors for Env protein boosting. These trials have implications for planning future studies that may use novel inserts---such as mosaic \[[@pmed.1003117.ref046]\], conserved element \[[@pmed.1003117.ref047]\], or consensus immunogens \[[@pmed.1003117.ref048]\]---delivered by DNA plasmid or viral vectors, as well as novel Env protein constructs \[[@pmed.1003117.ref049]\], or alternative adjuvants. The coadministration of DNA plasmid with novel Env proteins is another strategy under investigation (HVTN 124 \[NCT03409276\]) that may present advantages of DNA plasmid as a platform over other costlier vectors and regimens.
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